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• C-1400 • C. In the present paper, the phase composition and structural transition of red mud heated from room temperature are indicated by XRD, TG-DTA, and SEM techniques. The mean particle diameter, density, and bond strength of these samples also have been investigated. The results indicate the decomposition of gibbsite into Al 2 O 3 and H 2 O between 300
• C and 550
• C and calcite into CaO and CO 2 in the interval of 600-800
• C. Tricalcium aluminate and gehlenite are formed in the range of 800-900
• C. Combined with the SEM images, the results of physical property testing show that the particle size and the strength each has a continuous rise during the heat treatment from 150
• C to 1350 • C. But the value of density will undergo a little drop before 450
• C and then increases to a higher value at the temperature of 1200
• C. These obtained results provide an important base for the further studies of comprehensive utilization of red mud.
Introduction
Red mud is a reddish brown coloured solid waste produced during the physical and chemical processing of bauxite. Bauxite is composed of aluminum hydroxide minerals, including primarily gibbsite (Al(OH) 3 ), boehmite (γ-AlO(OH)), diaspore (α-AlO(OH)), hematite (Fe 2 O 3 ) and goethite (FeO(OH)) [1] . The red mud, according to the production process of the aluminum, can be divided into Bayer process red mud, sintering progress red mud, and combined process red mud. It was reported that there is 0.8∼1.5 t of red mud produced by each 1 t alumina produced. Globally, the total amount of red mud produced every year is between 60 and 120 million tons, [2] about 30 million tons of which is produced in China, and the accumulated quantity can reach to 200 million tons in China.
As to the treatment of red mud, stockpiling it in the open yard may lead to serious pollution of the surrounding soil, air, and groundwater. The dike breach at the Ajkai Timfoldgyar Zrt alumina plant in Hungary [3] is warning us to pay enough attention to the comprehensive treatment of the red mud. The comprehensive utilization of red mud can be divided into the following aspects. First, recovery of Fe, Al, Na [4] [5] [6] , and rare earth elements like Sc, Y, La, Ti, V [6] [7] [8] [9] [10] in red mud. Second, reuse of red mud as cement production [11] [12] [13] [14] and other construction materials like brick [15, 16] , glass [17, 18] , and aerated concrete block [19] . Third, utilization of red mud as road base material and filling material in mining [20, 21] and plastic [22] . Forth, application of red mud to absorb heavy metal ions like Cu 2+ , Zn 2+ , Ni 2+ , Cd 2+ [23] [24] [25] , and nonmetallic ions and molecules like NO 3 − [26] [27] [28] in the wastewater. Fifth, application of red mud can absorb heavy metal ions in the soil [29, 30] and SO 2 in the wastegas [31, 32] .
For the purpose of better comprehension utilization of red mud, several studies [33] [34] [35] [36] [37] [38] have been carried out on the physical and chemical properties of red mud under heat treatment. However, most of the above reports on the characterization of red mud have not detailedly research the physical properties from room temperature to an extreme high temperature. The research of SEM diagrams of red mud calcined at different temperature also has not been reported before. In the present paper, the mean particle diameter, density, and bond strength of red mud calcined within the interval 150-1350
• C have been investigated. These tests were aimed to correlate phase composition and structural transition of red mud heated from room temperature, which are indicated by XRD, TG-DTA, and SEM techniques. This research is part of a long-term project on the exploitation of the comprehensive utilization of red mud and provides an important base for the further studies of comprehensive utilization of red mud.
Materials and Experimental Procedure
2.1. Materials. Red mud samples were collected from an alumina refining plant, in Guizhou, China, the process of which is bauxite-calcination method. Approximately 3-5 kg of red mud samples were collected from six different sites which have been stocked for 3 years. Samples were dried to constant weight at a temperature of 105±5
• C for 24 h. Powder batches of about 500 g were calcined for 6 h in at 150, 300, 450, 600, 900, 1050, 1200, 1350
• C. Then the samples were removed from the furnace and cooled to room temperature in air. A powder batch of about 500 g was prepared without heat treatment for the use in comparison experiment and TG-DT analysis.
The chemical composition of the uncalcined red mud determined by X-ray fluorescence (XRF-1800X) analyzer is given in Table 1 . Thermal analysis was performed on a Netzsch (Germany) STA 449 simultaneous analyzer. Thermogravimetric (TG) and differential thermal (DT) analysis were performed in the range of 50-1450
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• C (stripping gas: dry N 2 , helium flow = 100 mL/min, heating rate: 10
• C/min). Measurement were carried out in 0.3 cm 3 volume alumina crucibles using α-alumina as reference, analyzing ≈100 mg of dry sample. The volume frequency of particle diameter is characterized by a Winner2008A (Chinese) laser particle size analyzer, whose measuring range is 0.05-2000 μm. The density measurements were performed with a helium pycnometer (Micromeritics, Model 1305, USA). And the strength • C, 600
• C, 900
• C, and 1200
performance of red mud calcined at different temperature is tested on a Trautwein DigiShearTM (Chinese) multifunctional direct shear test systems with the following testing condition: the shear rate is 0.03 mm/minute, the maximum shear displacement is 6.5 mm. SEM observation was performed on TESCAN VEGA II scanning electron microscope for the characterization of the micromorphology of red mud calcined at different temperatures.
Results and Discussions

XRD Analysis.
The element analysis and phase characterization of red mud have been reported several times [33, 34, 37, 38] . However, the analysis data of the composition of red mud is not uniform. The XRD patterns of the red mud uncalcined and calcined at the temperatures of 300
• C, 600
• C, 1200
• C are shown in Figure 1 . From Figure 1 , it can be seen that the main phases in the uncalcined red mud are calcite (CaCO 3 ), dicalcium silicate (Ca 2 SiO 4 ), hematite (Fe 2 O 3 ), perovskite (CaTiO 3 ), gibbsite (Al(OH) 3 ), and CaO. Among these mineral phases, gibbsite cannot be detected in the sample treated over 600
• C for the reason of pyrolysis. Calcite is the fundamental phase up to 900
• C. Above this temperature, calcite (CaCO 3 ) decrease parallels the increase of CaO and the occurrence of minor components, such as tricalcium aluminate (Ca 3 Al 2 O 6 ) and gehlenite (Ca 2 Al 2 SiO 7 ). This indicated the transform of calcite to tricalcium aluminate and Gehlenite and the decomposition of Calcite to CaO in the interval of 600-900
• C. Dicalcium silicate (Ca 2 SiO 4 ), hematite (Fe 2 O 3 ), perovskite (CaTiO 3 ), and CaO are not affected by temperature through the process of heating. (Figure 2) shows a continuous weight loss distributed in the range of 50-1450
• C. The figure shows two main portions of mass loss as the rise of temperature. The first one is during the heating temperature interval of 50-550
• C when the physically absorbed water and chemically bound water is off. Before the firing temperature is up to 550
• C, the sample loses 8.26% total of its weight. The proportion of physically absorbed water is small. Combined with the results of XRD analysis, it can be known that the lost chemically bound water is mainly from the decomposition of gibbsite (Al(OH) 3 Then the mass of the sample undertakes a more rapid decline in the range of 550-900
• C with a mass change of 21.81%. As the report [38] says, the main reason is the release of CO 2 , which can also be indicated by the XRD pattern in Figure 1 . The decrease of Calcite (CaCO 3 ) and the increase of CaO around the temperature of 900
• C can prove that the decomposition of CaCO 3 is the main source of released CO 2 3 ), and CaO; (2) in the range of 300-550
• C, the gibbsite decomposes into Al 2 O 3 and H 2 O; (3) at the temperature of 600-800
• C, the calcite decomposes into CaO and CO 2 ; (4) the phases of tricalcium aluminate (Ca 3 Al 2 O 6 ) and gehlenite (Ca 2 Al 2 SiO 7 ) start to emerge in the 800-900
• C interval; (5) there is no obvious mass change or phase change above 900
• C.
Physical Properties Testing.
The physical properties such as particle size, density and strength change as the increase of the calcined temperature of red mud.The particles size distribution of the uncalcined red mud is shown in Figure 3 (a). It can be seen that the ground red mud particles are mostly in the range of 1-80 μm with a mean value of 26.7 μm. But it will be different as the change of calcined temperature, which can be indicated from the Figure 2(b) . With the firing temperature from 150
• C to 1350 • C, the average particle diameter of red mud rises from 26.7 μm to 38.2 μm. The increase of the particle size may influenced the improvement of crystallization. From the XRD pattern (Figure 1) , it can be known that, except the vanishing phases like calcite and gibbsite, the crystallinities of the majority of phases of red mud are improved by heat treatment. This will promote the rising of the mean particle diameter value.
The density of red mud at room temperature is 3.26 g/ cm 3 , which will change as the red mud is under heat treatment. The bond strength of uncalcined red mud tested by the direct shear test systems is 322 kPa. The values of density and bond strength change as the functions of temperature are shown in Figure 4 . From the diagram we can know the following aspects. The value of density decrease until the temperature is 450
• C, which is in contrast to the change of bond strength. Then they both increase obviously from 450
• C to 1200
• C and decline a little when the temperature is higher than 1200
• C. The maximum values of density and bond strength are 3.41 cm 3 and 452 kPa at 1200
These phenomenons can also be explained by the XRD analysis result like the change of mean particle diameter value. The enhancement of strength properties may result from the improvement of crystallinities of major phases and the appearance of high strength phases like tricalcium aluminate and gehlenite. While as to the change of density, the decline before 450
• C is determined by the emission of water and the decomposition of gibbsite (Al(OH) 3 
SEM Analysis.
For the purpose of further comprehension the phase change progress of red mud during heat treatment, red mud uncalcined, and samples calcined at 150
• C, 450
• C are dispersed in anhydrous alcohol and grinded by ultrasonic vibration for the same time (24 h). Then the samples were observed by scanning electron microscope to obtain the micromorphology maps of these samples. The SEM images of red mud uncalcined and calcined are showed in Figure 5 .
From Figure 5 (a) it can be known that the microscopic structure of uncalcined red mud is relatively loose, with high porosity and small particle size. On the contrary, the diagrams of red mud calcined at a serious of temperatures ( Figures 5(b)-5(e) ) indicate that the heat treatment can improve the value of particle diameter and make the particles easy to gather with each other. The increasing tendency of particle size is consistent to the values measured by laser particle size analyzer as shown in Figure 3(b) .
Different microstructures result from different physical and chemical progresses. With the influence of heating at 150
• C, red mud loses the majority of its physically absorbed water and part of chemically bound water. So Figure 5 (b) presents large particles and a high porosity, corresponding to a low density as shown in Figure 4 . When calcined at 450
• C, with the decomposition of phases like gibbsite, red mud has lost almost all the chemically bound water. So it can have larger particle and higher porosity (also lower density) than calcined at 150
• C ( Figure 5(c) ). Density of red mud is determined by two main different factors: porosity and particle size. When firing at 600
• C, there is no water emission that leads to the variation of porosity. But the phase transition and improvement of crystalline degree can make the increase of particle diagram significant (Figures 
Conclusion
In this paper, through the XRD and TG-DT analysis, the phase transition during the heat treatment contained the following several progresses: (1) gibbsite decomposes into Al 2 O 3 and H 2 O (300-550
• C); (2) calcite decomposes into CaO and CO 2 (600-800
• C); (3) the emergence of Tricalcium aluminate (Ca 3 Al 2 O 6 ) and gehlenite (Ca 2 Al 2 SiO 7 ) (800-900
• C). From the results of physical property testing and SEM analysis, it can be indicated that the physical properties of red mud have the obvious variations during the progress of firing of red mud. The particle size and the strength each has a continuous rise during the heat treatment from 150
• C Journal of Nanomaterials to 1350
• C, because of the improvement of crystallinities of major phases and the appearance of high strength phases like tricalcium aluminate and gehlenite. But as to the value of density, it will undergo a little drop before 450
• C as an effect of the increase of porosity, and then increases to a new high value at the temperature of 1200
• C. All the obtained results will provide an important base for the further studies of comprehensive utilization of red mud.
